Abstract: Gas connectors are installed in almost every home in the United States and around the world. The reliability of these connectors is quintessential in protecting people, property and the environment. The critical heuristic analysis model presented in this study assessed the reliability of fuel gas connectors (FGC), the likelihood of FGC failure, potential hazards, causes and consequences in a common perspective. The "Bow-tie" method was introduced to integrate the fault tree analysis (FTA) and the event tree analysis (ETA). 31 minimal cut sets and 33 basic events (BEs) of the FTA were determined from qualitative analysis, while the important measures analyses of BEs and the failure probability of the top event Pr(TE) were analyzed quantitatively. Traditional risk assessment techniques (RAT) considered the probabilities of basic events (BEs) as accurate values without accounting for uncertainty and impression with some BEs. This study improved on the traditional RAT by integrating expert elicitation technique and fuzzy set theories (FST) for the evaluation of these events. FST minimized the uncertainty and fuzziness of the events, thePr(TE) = 5.138 × 10 −2 and flexible gas connectors were determined to be safer for use and have the lowest failure risk compared to black iron pipe. The approach used in this study considered multi-dimensional approach for effectively analyzing fuzzy 
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PUBLIC INTEREST STATEMENT
Most residential or commercial buildings utilize fuel gas connectors (FGC) to supply gas to compatible appliances. Due to the volatility of the transported gas, inherent risks exist for the use of the FGC. This study assessed the potential FGC risks, by integrating qualitative and quantitative analysis to determine the relative reliability of the FGC. An effective framework was developed for calculating the basic risk events (BE) of the fault tree analysis. The intrinsic societal benefits of the proposed framework include: (i) ability to evaluate BE failure probabilities (FP r ); (ii) ability to determine influences of subjectivity and fuzziness of experts' linguistic expressions of the depiction of the BE-FP r . The multi-dimensional approach introduced in this study will help to effectively analyze fuzzy FGC events and the outcomes are helpful to professionals in making decisions on the preventive, protective and corrective actions necessary in the risk management process.
Introduction
The technology of gas pipes and connectors, channeled into residential, industrial and commercial buildings, has evolved tremendously since the early 1900s. There has been a significant increase in the use of gas-powered appliances, in recent years, due to the cheaper cost of gas relative to electricity. Gas piping systems (GPS) such as; Flexible Gas Connectors (FGC x ), Corrugated Stainless Steel (CSST), and Black Iron Pipes (BIP) serve the quintessential purpose of supplying gas from the gas main lines, to appliances in households and industrial facilities.
The distribution of flammable and combustible gases into residential buildings or facilities is hazardous. The safety of the entire system including prevention and protection of human assets is a main concern. The potential risks of the fracture or rupture of GPS include; human injury and fatalities, environmental degradation, socioeconomic and property loses. Safety evaluation of various commonly used GPS is essential in ensuring safe utilization of building appliances and beneficial use of energy in the households. Safety of a system is usually determined relative to the existence of risk (Khan, 2001; Sadiq, Saint-Martin, & Kleiner, 2008) , while risk is defined as a measure of accident probability and loss magnitude (fatality, injuries, economic consequences and environmental damages). RAT entail the approximation of accident outcomes and occurrences with the application of mathematical and engineering methods (Khakzad, Khan, & Paltrinieri, 2014; Rathnayaka, Khan, & Amyotte, 2013) . Traditional RAT are ineffective in identifying risk variations involved with dynamic systems or operations (Khakzad, Khan, & Amyotte, 2012) . Additionally, traditional RAT utilize generic failure data which presents ambiguity in the outcomes and are not able to reflect the situation of the system. To close this identified gap, a robust method for identifying risk variations associated with GPS was introduced in this study, using the safety assessment methodology, which include; FTA, ETA, Bow-tie analysis (BTA), Fuzzy Set Theory (FST) and Expert Elicitation. There is a tremendous need for the comprehensive understanding of the system risks of GPS, which would help provide adequate preventions and protections against accidents.
Safety and reliability are key issues with multifaceted engineering systems. The FTA explains the accident cause model and the link between malfunctioned components, using Boolean algebra to express the interrelationships between the input and output of basic events (BE) to top event (TE) (Huang, Tong, & Zuo, 2004) . BE are the bottom of the FTA. The failure probability (FP r ) of the assessed system is the probability of undesired BE leading to the failure of the TE (IAEA, 2007) . A framework was developed to effectively evaluate the safety and reliability of GPS in this study ( Figure 1 ). As illustrated on the framework, the probabilistic assessments are divided into three categories based on the analysis involved which include; evaluation of minimal cut sets (MCS) using qualitative analysis, calculation of the MCS FP r and TE FP r , and evaluation of the contributing effects of the BE-MCS FP r in the TE FP r using importance measures (I m ) and risk index (R i ).
In reliability theory, the failure probabilities of FTA components have been shown as precise or exact values (Liao, Yao, & Zhang, 2001; Yuhua & Datao, 2005) . Rough estimation of the FP r may be used when accurate data is not available, therefore the FP r will be considered as random variables having probability distributions that are known. In case of scare, vague and unstable quantitative data, the FST provides acceptable solutions for the approximation of the FP r (Huang, Chen, & Wang, 2001; Suresh, Babar, & Raj, 1996) and the basic events (BE) probabilities are considered as fuzzy numbers (FN) used to determine the FP r of TE (Chanda & Bhattacharjee, 1998; Ping et al., 2007; Rajakarunakaran et al., 2015) . BE-FP r are typically associated with some level of uncertainty and vagueness. Therefore, the estimated TE-FP r typically have ambiguity, which necessitates the interpretation of quantitative outcomes in order of magnitude or as range of values. The classification of MCS are based on their estimated importance ranks. The evaluation of the I m individual BE can be done by applying improvement index (Liang & Wang, 1993; Tanaka, Fan, Lai, & Toguchi, 1983 ) and the I m can be calculated using fuzzy membership functions representative values (Furuta & Shiraishi, 1984; Misra & Weber, 1990; Purba et al., 2013) . The fuzzy I m have also been calculated by applying the Euclidean distance (Guimarees & Ebecken, 1999; Suresh et al., 1996) .
Application of Fuzzy FP r using FTA is uncommon in assessing the reliability and safety of gas connectors in buildings. The appeal of the framework in this study rests on the fact that expert opinion from a more diverse group of professionals was combined with FST to evaluate system reliability from BE-FP r the absence of probability distributions of BE relative to lifetime of GPS failures. The gas connector data is characterized by vagueness and imprecision, hence an effective FST integrated reliability model has been developed to assess BE FP r through the processing of qualitative linguistic expressions into FN. The purpose of the proposed framework using applied fuzzy reliability FTA model is to transform qualitative data of BE given as FP r (which are based on subject assessment by experts), into effective FN, after which the FN are converted into scalar measure subsequently used to form the BE-FP r towards advanced assessment of the TE incidence as the outcome of the model. The application of FN in the model is quintessential for characterizing the possibility of BE to occur, while the quantitative outcomes representing the possibility of TE incidence are generated using the FST-FTA. I m determined by classifying different BE.
Characteristics of the investigated FGC
The latest generation of FGC come with a protective coating on the outside of the tube to prevent the material. Currently, there are three FGC in use which include the coated brass, stainless steel, and the coated stainless steel connectors (Olawoyin & McGlothlin, 2015) . One of the leading corrosion problems of this type of FGC is the accelerated stress corrosion cracking from exposure to ammonia.
Stainless steel FGC
The leading advantages of the stainless steel FGC over the coated brass connectors include: ability to be used outdoors or in places where appliances are subject to vibration during normal use; ability to withstand the torsion and bend tests; and ability to offer more resistance to corrosion from air, petroleum products, ammonia, fatty oils, grease, household chemicals, and liquid petroleum and natural gases with high sulfur content (Oster, 1998) . The stainless steel FGC supply gas to residential, commercial, and industrial structures, installed underground. This creates susceptibility for corrosion; thus contributing to leaks, rupture, or puncture (Shahriar, Sadiq, & Tesfamariam, 2012; Yuhua & Datao, 2005) . Failure rates in stainless steel FGC depend on various mechanisms such as: construction conditions, design factors, maintenance techniques, and environmental conditions (Shahriar et al., 2012) . Such failures lead to loss of life, environmental damage, and economic loss (Olawoyin & McGlothlin, 2015) .
Corrugated stainless steel tube
CSST is a flexible, polyethylene-covered tubing product which performs the same function as BIP and copper tubing. It is used to supply natural gas or propane to residents or facilities. It is generally covered in yellow or black plastic coating. This product was initially developed in Japan in an effort to reduce the frequency of gas leaks in rigid piping that came with seismic activity. Japan is located in the ring of fire, an area of the world where there is high probability for earthquakes, hence and so building fixtures needed to be adjusted in their construction to allow for movement in those situations. A major safety factor for CSST is the "safe-system approach" which is in place for the ANSIrecognized certification under ANSI/IAS LC-1. Under this standard, each manufacturer of CSST must certify the tubing and matching fittings. Flexible CSST systems had approximately 75% fewer thread fitting joints than the BIP. The reduction of threaded fitting joints is the result of the long length of the reels and elimination of elbows. By threading a cut length of pipe there is a reduction in wall thickness of up to 50%. Since 1990, more than 800 million feet of CSST gas piping in about 6 million homes have been installed in the United States (Olawoyin & McGlothlin, 2015) .
The key difference between FGC x and CSST is the connection location, size and length. While both provide natural gas within a home, FGC x are attached to moveable appliances, such as dryers and ranges and CSSTs are attached to fixed appliances such as a furnace or hot water heater (Olawoyin & McGlothlin, 2015) . Compared to other GPS, CSST can be used at higher pressure; while FGC x generally use a pressure at less than 1 lb per square inch (psi); CSST can be used at typically 2 psi. This results in smaller tubing and thus reduction in materials and installation costs and time. CSST can be connected to an appliance directly or adapted to a FGC x or final connection to the appliance. The flexibility of CSST makes it more resistant to damage from seismic events. While FGC x are at a maximum 6 feet, the CSSTs are longer in length; this characteristic is a disadvantage because of its propensity to be damaged by lightning when it is installed near conductive materials. Due to lightning's unpredictable strength at any given strike, there is no evidence to confirm that wall thickness equal to that of a steel pipe will prevent gas leakage when a pipe is struck by lightning. It is also important to note that there have been reports of steel pipes being penetrated by lightning strikes (Barker, 2014) .
Black iron pipe
Traditionally, BIP was the most used distributing flammable gases. It was used due to its high resistance to heat and high pressure. The line was sturdy because of the various threaded connectors to route the pipe around obstacles or change its direction. During a lightning strike, BIP absorbs the electrical energy surges due to the thick walls, Table 1 (Olawoyin & McGlothlin, 2015) . It is also able to withstand accidental nail strikes. BIP, while still in use today, has been largely replaced with CSST since its inception in the 1980s. It is also not uncommon to find a structure that uses both BIP and CSST. BIP is rigid and contains many bends and extension pieces, making it susceptible to leaks during movement. With every threaded joint created is another area created to potentially leak. As outlined in NFPA 54, every threaded joint must be properly sealed with thread sealant (pipe dope), or rated gas Teflon tape. It is very important to note that if Teflon gas tape is used, it must be of a yellow color. White Teflon tape is used for securing water and air fittings, and should not be confused with gas fittings (Olawoyin & McGlothlin, 2015) .
Methodology
Existing literature evaluates the safety and reliability of gas connectors in three main ways: (1) Fault Tree Analysis (FTA), (2) Event Tree Analysis (ETA), and (3) Bow-Tie Method (BT). This study considers two kinds of failure models as the top sub-events: perforations and ruptures. Related studies that assessed gas transmission pipelines suggest that failure of most systems occur because of rupture or leaks. Figure 1 illustrates the design of the proposed framework for this study.
Qualitative analysis (Q 1 A)
Qualitative analysis involves FTA and ETA. FTA utilizes logical signs to determine the failure probability of an accident. FTA distributes events into two: unexpected event, and other events. An unexpected event represents the failure of a system. The relationship between the TE and other events is represented by logical "AND" and "OR" gates. Within the domain of gas connectors, the FTA techniques have been presented in this study. In a similar study (Yuhua & Datao, 2005) , both quantitative and qualitative FTA were applied for a preferred solution. With the qualitative analysis, the Boolean algebraic expressions and Fussel method were used to derive the MCS. In the quantitative method, evaluation of both the probability of the TE and the BE was done. A detailed quantitative assessment of risks helps to determine the likelihood of undesired events (Spouge, 1999) .
Table 1. Properties of fuel gas connector materials
Source: Courtesy, Olawoyin and McGlothlin (2015) . a Thermal conductivity is the property of a material to conduct heat.
b High density of most metals is due to the tightly packed crystal lattice of the metallic structure.
c Thermal expansion is the tendency of matter to change in volume in response to a change in temperature, through heat transfer. 
Fault tree analysis (FTA)
MCS of the FTA were determined with the integration of Boolean algebraic operations and Fussel methods. The Fussel method links mini-fault trees (Misra and Weber, 1990) . The FTA in this study contains 33 BE and 31 MCS. The first-order MCSs determined include: X 1 , X 2 , X 3 , X 4 , X 10 , X 11 , X 12 , X 13 , X 14 , X 15 , X 16 , X 17 , X 18 , X 19 , X 22 , X 23 , X 24 , X 25 , X 26 , X 27 , X 32 , X 33 ; the second-order MCSs include X 5 X 8 , X 5 X 9 , X 6 X 8 , X 6 X 9 , X 7 X 8 , X 7 X 9 , X 20 X 21 ; and the third-order MCSs include X 28 X 29 X 30 , X 28 X 29 ,X 31 . Mostly, the less the order of MCS is, the higher is its occurrence frequency. Consequently, the 22 first-order MCSs and 33 BEs with high occurrence frequency would be considered further in the FTA.
GPS for residential or industrial use, usually have limited information regarding their operations history and characteristics. This limited information makes it hard to evaluate the precise safety of the piping system and connectors by analytical methods (Yuhua & Datao, 2005) .
The benefits of constructing a FTA are as follows. (1) All the different relationships that are necessary to result in a relationship between TE are shown. (2) It enables a thorough understanding of the causes and logics leading to TE. (3) It provides documentary evidence of the logics and base causes leading to the TE. (4) It provides a framework for thorough qualitative and quantitative evaluation of TE (Shalev & Tiran, 2007) . Figure 2 illustrates the FTA in this study.
Event tree analysis (ETA)
ETA assesses the probability of failure given the occurrence of a single event. An event consists of the gap between the gas leakage and possible ignition on one hand, and the degree of space confinement produced by the surrounding (Shahriar et al., 2012) . The event is propagated by considering binary values of true or false, and success or failure (Figure 3) . In another approach, (Brito & de Almeida, 2009 ) rank sections of a pipe distribution pipes into hierarchies. A decision-maker establishes values that are used to judge the risks of the pipe systems. Other related studies identified the relationship between the diameter, the operating pressure, and the length of a pipes to the size of the affected area in the event of a rupture (Jo & Ahn, 2002) . Figure 3 integrates the event tree (ET) development with the developed fault tree (FT). 
Quantitative analysis
Due to insufficient data, it is difficult to estimate failure probabilities in FTA. Consequently, it is advisable to treat rough estimates of probabilities and FP r as random variables. The qualitative arrangement of FTA and ETA in the form of a simple qualitative bow tie BT scheme allows to identify and analyze the different accident scenarios.
Bow-tie analysis
Bow-tie analysis (BTA) combines FTA and ETA to provide clearer understanding of the risk potentials involved with certain events (Figure 3 ). This is done by developing a logical relationship between causes of an event and the consequences thereof (Dedianous & Fiévez, 2006) . This relationship is developed by probabilistic techniques that assess the possibility of accident events (Duijm, 2009) . The five basic elements of BTA are: BE, fault tree (FT), TE, event tree (ET), and output event (Shahriar et al., 2012) . The central idea is to develop FTA that begins from a pre-event side, and takes into account the post-event for the purpose of predicting GPS risks. While the traditional BTA assumes independence among FTA and ETA, such assumptions are error-prone (Ferdous, Khan, Sadiq, Amyotte, & Veitch, 2011; Markowski, Mannan, & Bigoszewska, 2009 ). Consequently, (Shahriar et al., 2012 ) utilized a Pearson correlation index to denote the interdependence of two events, which is also adopted in this study.
In quantitative analysis, TE-FP r is evaluated, and I m analysis is done for the BE (Yuhua & Datao, 2005) . In this study, the total number of MCS and the probability of BE are utilized to evaluate the FP r of GPS. Once all the MCSs and probabilities of the basic events have been obtained, then the TE-FP r are determined using Equation (1) as proposed by (Zhang & Lu, 1990) . Therefore, triangular f N (Cheng & Mon, 1993) was utilized to represent the deviations of the failure or events of the system. Bow-tie analysis thus utilizes failure probabilities and associated probabilities instead of crisp probabilities.
(1) where K 1 , K 2 , …, K n represent MCS, n is the total number of MCS (n = 18), and F i (t) is probability of BE X i .
As a consequence of the low occurrence of BE, the probability of the TE can be approximated by the first half of Equation (1). This calculation enables experts to provide a more accurate opinion about the failure risk of gas connectors.
Calculating the probability of BE

Expert elicitation
Expert elicitation is the method of synthesizing and integrating expert judgement, as a critical piece of risk assessment modeling, especially in areas with insufficient or implicit information, (van der Sluijs et al., 2005) . It can be effectively used for information acquisition (Krueger, Page, Hubacek, Smith, & Hiscock, 2012; Rai, 2013 ) that aids the decision-making process in reliability analysis. These expert opinions can be applied for; the interpretation of scientific evidence collected at various spatial and temporal dimensions, development of empirical evidence from inadequate knowledge (Ahmadi-Nedushan, St-Hilaire, Bérubé, Ouarda, & Robichaud, 2008) , specification of parameter values to describe the purpose and constraints of collected information (Knol, Slottje, van der Sluijs, & Lebret, 2010) . These opinions can be synthesized from different formats, including; qualitative expressions (description with words to explain causal relationships or potential origin of data uncertainty), quantitative numeration (relative or absolute numbers, such as point estimates or data distribution) and graphical data display (e.g. conceptual models and influence figures). Therefore certain factors must be considered, if the study design involves the elicitation of experts, such as; the type and objective of the information acquired and effects of these on the quality of information collected, choice and availability of experts, level of expert interactions, study costs and other viable constraints.
This study primarily evaluated the probability of BE relative to gas connectors from elicited experts. This method provides valuable information for assessing the potential risks involved with gas connector failures and for making good decisions on the best alternative. The Delphi method was chosen for this study, since it allows for indirect interaction among different experts and enables experts to give their opinion on the reliability of the gas connectors.
Delphi method is significant to this study because it allows a diverse group of experts with different experience and levels of education to give their opinion on risk assessment of gas connectors. The investigator in this study designed an IRB approved (No. 743547) survey which was electronically administered. Experts were categorized based on three criteria; level of education, job title, and service time. Experts in different fields made judgements about probability of events based on their expertise in the field and relative familiarity with the gas connectors. Since expert opinion about the probability of events tend to vary and may sometimes be vague, natural linguistic expressions were applied to characterize the risk associated with events as follows:
Very Low (VL), Low (L), Medium (M), High (H), and Very High (VH).
However, since natural linguistic expressions cannot be handled by common mathematics due to their ambiguity, FST was introduced as a possible solution. Tf N are used as values to represent the linguistic expressions.
Expert selection
Experts were selected from a broad spectrum of fields such as higher education institutions, manufacturing, construction, regulatory agencies, maintenance, operations, and management to provide risk assessment of gas connectors. Considering the diverse expert opinions on the reliability of the different gas connectors, a weighting score is introduced to characterize the relative quality of the different experts as shown in Table 2 . The quality of the expert's judgement determined the relative importance of the weight given to such expert. Table 2 was incorporated in the survey sent to all the experts. The weighting factors of 10 categorized experts were determined as shown in Table 3 .
The linguistic expressions of the 10 expert categories on the probability of failure of gas connectors are: very low (VL), low (L), medium (M), high (H), and very high (VH). The experts were grouped into five distinct groups for simplification. Experts with same characteristics were grouped together. For example, CEOs with service time greater than 40 years with the same or similar level of education and age were put in one group.
Linguistic terms conversion to fuzzy numbers
The output of the expert elicitation process involves linguistic terms used by the experts to judge the failure probability of the gas connectors. A mathematical estimation system (Chen & Hwang, 1990 ) is used to systematically convert linguistic terms to their corresponding f N . The conversion scale shown in Figure 4 was used to represent the expert assessment and the membership functions (f(x)) of various linguistic terms, i.e. VL, L, M, H, and VH. When probability theory is inadequate to represent all types of uncertainties, the FST introduced by (Zadeh, 1965) has recently been applied by researchers. In this approach, A = {x, μx) is a fuzzy collection of an ordered pair that models the relationship between an uncertain quantity x and the membership function μx within the range of 0 and 1. The main difference between FST and traditional set theory is that in the traditional set theory, x is either a member of the set A or not. In FST, x can be a member of set A with a degree of membership μx (Eierdanz, Alcamo, Acosta-Michlik, Krömker, & Tänzler, 2008) . This study utilizes Tf N to determine the likelihood of occurrence of a risk and to provide quantitative values to uncertainty in expert opinion.
The method of converting expert opinion and respective membership functions is as shown in Equation (2). The number assigned for basic risk events are based are based on the 5-granular system and represents the likelihood as shown in Table 4 .
Each expert group gives a numerical value on the failure risk of an event, that is, from 1 to 5. An aggregate of these risks is calculated, and a corresponding f N , from the granularity table is assigned. Knowledge acquisition helps in understanding the relationship between risk and failure. Distinct activities involved include; background analysis, literature review, surveys, and expert elicitation. This analysis provides an in-depth understanding of risk items associated with gas connectors' failure.
The most important part of knowledge acquisition is converting expert opinion into failure probability through bow-tie analysis. Since expert knowledge often conflict, opinion aggregation is often utilized to harness opinion from different experts. The most common method used for opinion aggregation is the weighted average method (Table 5 shows aggregated for FGC).
For example, in Table 4 , five experts presented the failure risk of misuse by the numeric values 4, 4, 5, 3, and 4 respectively. The average numeric risk value is 4. From the 5-granular system in Table 4 , 4 represents a high likelihood and is represented by the f N of (0.6, 0.7, 0.8) for BIP. This value is presented in the column for aggregated Tf N . Based on differences of opinion of the probability of basic events, all the opinions are aggregated into a single opinion (Equation (3). *q is assigned a value of (0, 0, 0), when there is complete absence (i.e. utility is nil).
q is assigned a value of (1, 1, 1), when there is absolute presence(i.e. utility is absolute). where L ij = linguistic expression of uncertain basic event input i elicited from expert j, e number of basic events (33), n = umber of experts. w j = weighting factor corresponding to the expert j, fuzzy number of the basic event i.
Granulars (q*) Likelihood (p)
The total f N from the elicited opinions of the 10 experts were calculated from the α-cut of different f(x) from Equation (2).
The resultant f(x) from Equation (4) can be obtained using Equation (5) as; 
Defuzzification
The outcome of incorporating fuzzy ratings in FTA yields f N and for the relationship between them to be clearly defined, the process of defuzzification is used to convert f N into a crisp real score Q, which is the Fuzzy Possibility Score (F ps ). The F ps characterizes the highest potential confidence an expert can express about a basic event occurring. The fuzzy ranking system proposed by Chen and Hwang (1990) (shown in Equation (6)) was used in this study, with the definition of the minimum (f min (x)) and maximum (f min (x)) sets.
Therefore, the two-sided utility score of fuzzy number Q can be calculated from Equations (7)- (8).
Since the two-sided scores have been obtained, the F ps the fuzzy number Q, can then be represented by Equation (9): 3.3.5. Transforming F ps to fuzzy failure probability (F fp ) Using the thermal conductivity (property of a material to conduct heat), density (property of metals due to the tightly packed crystal lattice of the metallic structure), thermal expansion (tendency of matter to change in volume in response to a change in temperature, through heat transfer), temperature, wall thickness, and malleability factors, the probabilities (real numbers) of the basic events were determined in the FTA. Other probabilities for the gas connector failures were obtained through the expert elicitation method. For consistency, the FTA probabilities and the F ps ere integrated following the F fp defined in Equation 10 (Onisawa, 1990) . The probability of lightning events damaging the BIP, CSST and FGC are; 9.22 × 10 −1 , 3.64 × 10 −3 , 1.74 × 10 −5 respectively. The failure probability of other fuzzy events were determined in the same way. When all the probabilities of the basic events were included, the calculated Pr(TE) from Equation (1) 
Important analysis of basic event (BE)
An important analysis of BE determines I m for the overall analysis and it is a critical process in the quantitative analysis of gas connector failures. The value of I m idicates the importance of a BE in a failure occurrence of the TE. The higher the value of I m the more important the role of the BE is in causing the TE failure. The summarized expression of the TE-FP r is expressed as shown in Equation (11).
In this study, a combination of failure probabilities and expert opinions were integrated to determine the failure risks of the TE of gas connectors. The I m of the BEs (X i ) are obtained from Equation (12) 
× 2.301
The influence of BEs on the probability of TE could be assessed quantitatively, since the failure probabilities of BEs are known. The important analysis of BEs determined for the gas connectors and presented in Table 6 . The importance measure for lightning hazard (X 20 ) was determined as 1.47 × 10 −2
, while the importance measure for bad installation (X 26 ) was 1.03 × 10 −1 .
Risk Index calculation for gas connectors
It is important for risk management systems to include risk analysis of the system components. In quantitative risk analysis, risk to a component (R i ) is measured as the product of likelihood of the occurrence of any undesired event (L i ) and the consequence of the corresponding undesirable event (C i ), as shown in Equation (13).
This method is also incorporated in calculating the failure risks of the three types of gas connectors studied, based on the quantitative probabilities and the elicited expert opinions. The likelihood of the occurrence of an event is given by experts. The Fuzzy-based bow-tie analysis is used to obtain the likelihood of each output event. Fuzzy synthetic evaluation that utilizes a linearized weighting scheme for evaluation is applied to determine the fuzzy risk. The Fuzzy-rule-base (FRB) technique (Mamdani, 1977) Table 4 is a result of the transformation of the likelihood functions obtained from the bow-tie analysis. 
Consequence of output event
Gas connector damages can result in a number of consequences such as: environmental damage, property damage, social damages, and economic damages. The magnitude of these consequences is influenced by factors such as perforation, rupture, mechanical forces, and operational characteristics. Figure 5 shows the hierarchical structure for consequences of each output event.
The leading path is significant for determining the likelihood of each output event if the likelihood of the critical event is known. Upon failure of the connector, the gas released in a confined space will result to detonation (output event-OE1), if an ignition source is present.
From the Tf N determined from the elicited experts, the likelihood of ignition source and confined space to be present after the failure of the gas connectors are "0.95, 1.0, 1.0 and 0.90, 0.95, 1.0" respectively.
The summary of the total risk (risk index) from OE were calculated based on the extant study by Tesfamaraim and Saatcioglu (2008) and presented in Table 7 . The fuzzy consequence of OE for human, societal and the economic facts were determined using assigned weights from the FTA. The individual risk index for BIP, CSST and FGC were determined as 3.04, 1.12 and 0.86 respectively. Risk index above unity indicates quantifiable risk and enhanced precautions are needed for the safety of people, property and the environment. The outcomes of this study are important and would provide further insight to; risk evaluators, investigators and professionals in effectively managing the risks associated with gas connectors, especially in deciding on the choice of materials for utilities and determining appropriate preventive, protective and corrective measures for the overall risk reduction of gas connector failures.
Sensitivity analysis for the bow-tie and consequence analyses
Fuzziness or data uncertainties are characteristically present in diverse factors, affecting the outcome of an analysis. Bow-tie analysis, integrating the elicitation of experts to provide a quantitative estimation of the possibility of the TE to occur as OE, may be used without categorizing most substantial input events. By introducing a sensitivity analysis (SA), this study systematically evaluated quantitative information for the purpose of identifying sources of uncertainty, variability and areas of weakness in the risk analysis process for the gas connectors. The SA bow-tie analysis was done by calculating the contributions of each BE, resulting to the TE (as OE). As shown, this study identified 33 BEs as presented in Figure 2 with the importance measures, presented in Table 6 . Iteration trials were modeled for several scenarios, to approximate the likelihood of events that may lead to outcome events and the associated uncertainties were accounted for in the models by assigning fuzzy probability distribution to the BEs. Assumptions were made for each factor as a quarter of the mean, based on the standard deviation, observed and estimated values. From the SA, misuse, manufacturing defect, installation problems and critical temperature (such as from arching from lightning) were identified as the most contributing impact factors to the likelihood of OE1's occurrence. It was also observed the contributions of each of these input events varied based on the dependency relationship, as compared to other factors. With assumption of independent factors relation, the mean absolute percentage error for the different groups of BEs modeled, varied from 19.4 to 28.2%, however, for perfect dependencies, the failure BEs varied from 6.5 to 22.7%.
Conclusion
The multi-dimensional risk model from complex risk scenarios and outcomes were synthesized with the integration of fuzzy synthetic evaluation (FSE) and fuzzy rule base (FRB) techniques in this study. This is effective for the assessment and quantification of both individual risk and the overall risk of failure events on gas connectors, with the goal of understanding the failure activities and planning for the minimization of the potential risks. The analysis of feedback from the expert elicitation method, incorporated with fuzzy set theories (FST) minimized the uncertainty and fuzziness of the potential failure events. The probability of lightning damaging the BIP, CSST and FGC materials were determined as; 9.2 × 10 −1 , 3.6 × 10 −3 and 1.7 × 10 −5 respectively. The failure probability of other fuzzy events were determined in the same way. The calculated Pr(TE) was determined as 5.1 × 10 − 2. Based on experts suggestions and analysis, the FGC x is safer for use and have the lowest failure risk compared to BIP.
The ingenuity of this study include; application of qualitative linguistic terms converted into FP r collating experts' judgements for BE with vague and imprecise data, integrating the proposed framework into the calculation of the I m for BE of the FTA and lastly, determining the systems reliability measures by defining the TE-FP r and MCS ranking. The intrinsic benefits of the proposed framework include: (i) ability to evaluate BE-FP r of different engineering systems by applying expert judgements conveyed in linguistic expressions; (ii) ability to determine influences of subjectivity and fuzziness of experts' linguistic expressions of the depiction of the BE-FP r . To establish the viability of the framework proposed in this study, the model outputs are representative only of experts' opinions with keen knowledge of the operability of gas connectors in buildings.
The outcome of this study will be improved on in future research by collecting actual data from gas connectors by type, usage, age, risk factors and condition, to show the applicability of the method used in this study. The future study will also involve comprehensive sensitivity analysis that will consider the operator aggregates and weights effects as model predictors and integrate the effect of the individual risk events on the overall gas connector system. The fuzzy risk assessment method is effective for the purpose of this study, however, it is financially expensive and time consuming. It is recommended that its use should be limited to the major accident scenarios requiring high level of details and precision.
